The effects of dissolved-oxygen concentration and fluoride concentration on the corrosion behaviors of commercial pure titanium, Ti-6Al-4V and Ti-6Al-7Nb alloys and experimentally produced Ti-0.2Pd
and Ti-0.5Pt alloys were examined using the corrosion potential measurements. 
INTRODUCTION
Recently, titanium and Ti alloys have been widely used for clinical applications such as denture bases or dental implants, because they have high corrosion resistance and biocompatibility.
There is a problem that the corrosion resistance of Ti is decreased in the presence of fluoride, which is clinically used for the prevention of dental caries1-7). The corrosion of Ti may cause fracture of the dental implant. It was reported that the presence of fluoride promotes the corrosion cracking of pure titanium under stress8). The corrosion resistance of Ti depends on the passive film formed on the alloy surface. The authors have shown that the presence of fluoride causes formation of HF under acidic conditions and that an HF concentration of greater than 30ppm causes the destruction of the passive film7). Since the passive film on Ti is an oxide such as TiO2, oxygen is essential for the stability of the passive film and for regeneration of the passive film broken by some other reasons.
The oxygen concentration in the subgingival part, where the dental implant, crown or bridge are set, is much lower than the other intraoral parts exposed to the open-air.
Mettraux et al.9) measured the oxygen partial pressure (pO2) in human periodontal pockets (subgingival). According to their results, moderately deep pockets (5-6mm) had a mean pO2 of 15.0mmHg (O2=0.8ppm), whereas deep pockets (7- 
Corrosion test
The counter and reference electrodes were platinum and KCl saturated Ag/AgCl electrodes, respectively. The potential of this reference electrode is denoted by E (Ag/ AgCl)=E (saturated calomel electrode: SCE) +48.4mV.
Immediately after polishing the specimen, changes in the corrosion potential with immersion time were measured in the test solution for 30min (Potentiostat HA-301, HOKUTO DENKO, Japan).
Dissolved titanium analysis
The concentrations of Ti dissolved in the test solution after immersion for 24hrs were analyzed by inductively coupled plasma mass (ICP-MS) spectroscopy (PMS 2000, YOKOGAWA, Japan).
The immersion test was performed five times under the same conditions. Results were statistically analyzed by ANOVA with Scheff's test at a significance level of 1%. Fig. 1 shows the changes in the corrosion potentials of pure Ti and Ti alloys in artificial saliva under the open-air and non-O2 conditions. The results for pure Ti, Ti6Al-4V and Ti-6Al-7Nb alloys are shown in Fig. 1(a) . Under the open-air condition, the corrosion potentials of all alloys increased and those values were greater than -0.6V.
RESULTS

Corrosion potential in artificial saliva
In contrast, when the dissolved-oxygen concentration was less than 0.1ppm (non-O2), the corrosion potential values were 0.2V lower than those of the open-air conditions. Fig. 1(b) shows the results for Ti-0.2Pd and Ti-0.5Pt alloys. Changes in the corrosion potential of these alloys under the non-O2 conditions were similar to those of the open-air condition.
Those values were greater than -0.6V. Fig. 2 shows changes in the corrosion potentials of Ti, Ti-6Al-4V, Ti-6Al-7Nb, Ti-0.2Pd and Ti-0.5Pt alloys in an artificial saliva containing 0 to 0.5% NaF (pH 4.9 to 6.5) under a dissolved-oxygen concentration of less than 0.1ppm.
When the dissolved-oxygen concentration was low and fluoride was present, the corrosion potentials of Ti, Ti6Al-4V and Ti-6Al-7Nb alloys markedly decreased as shown in Fig. 2(a), (b) and (c) . The corrosion potential of Ti decreased to less than -1.0V by the addition of 0.2% NaF. Those of Ti-6Al-4V and Ti-6Al-7Nb alloys decreased to less than -1.0V by the addition of 0.1% NaF. The decreases of the corrosion potential by the addition of NaF in Ti-6Al-4V and Ti-6Al-7Nb alloys were more marked than that of pure Ti. The corrosion potentials of Ti-0.2Pd and Ti-0.5Pt alloys increased even under the low dissolved-oxygen concentration conditions as shown in Fig. 2(d) . Even the addition of 0.5% NaF did not decrease the corrosion potential of Ti-0.2Pd and Ti-0.5Pt alloys. Fig. 3 shows the changes in the corrosion potentials of Ti, Ti-6Al-4V, Ti-6Al-7Nb, Ti-0.2Pd and Ti-0.5Pt alloys when they were immersed in artificial saliva containing 0.2% NaF under the dissolved-oxygen concentration of less than 0.1ppm. The corrosion potential of Ti-0.2Pd and Ti-0.5Pt alloys increased during the early stage of immersion and the final values were between -0.7 and -0.6V. However, the corrosion potential of Ti, Ti-6Al-4V and Ti-6Al-7Nb alloys decreased with time immediately after immersion and the values were between -1.0 and -1.1V.
Immersion test in NaF solution
To examine the effects of the fluoride concentration and pH under the low dissolvedoxygen concentration conditions, the changes in the corrosion potential were measured in NaF solution with various pHs. Fig. 4(a) shows the changes in the corrosion potential of Ti with immersion time in a 0.1% NaF solution under the open-air pH values: 0% NaF (pH 4.90), 0.05% NaF (pH 4.92), 0.1% NaF (pH 5.16), 0.2% NaF (pH 5.50), 0.5% NaF (pH 6.20) The amount of dissolved Ti To compare their corrosion resistances the amount of dissolved Ti was measured. Fig. 6 shows the amount of dissolved Ti measured by ICP analysis after immersion It was shown that the Ti-0.2Pd and Ti-0.5Pt alloys maintained high corrosion resistances even in conditions at which the corrosion resistance of pure Ti, and the Ti-6Al-4V and Ti-6Al-7Nb alloys was lost.
Under the low dissolved-oxygen concentration conditions, the boundary pH values at which the corrosion behavior changed, shifted to higher pH values. For example, the corrosion resistance of pure Ti was maintained at a pH above 4.4 in the open-air 0.1% NaF solution conditions (Fig. 4(a) ).
However, the boundary pH value shifted to pH 5.2 in the non-O2 conditions (Fig. 4(b) ). Fig. 5 shows the diagram indicating the non-corrosive and corrosive regions of the fluoride concentrations and pH values in Ti and Ti alloys. This shows that corrosion resistance decreases under the non-O 2 environment.
When the NaF concentration was 0.2%, for example, the corrosion occurred at a pH below 5.0 in the Ti-6Al-4V under the open-air conditions. However, under the non-O2 conditions, the corrosion occurred at a pH below 5.7. Therefore, the Ti-6Al-4V and Ti-6Al-7Nb alloys were susceptible to fluoride in the low dissolvedoxygen concentration conditions and the corrosion occurred even at a pH value around neutrality.
Even if the oxide film is broken by the presence of a little fluoride, it is suggested that the film immediately regenerates under the open-air environment at which the dissolved-oxygen is sufficient, and that the corrosion resistance is maintained.
In contrast, under the low dissolved-oxygen concentration conditions, it will take more time or will not be able to regenerate the broken oxide film. At pH 4.0, the amount of dissolved Ti in the Ti-0.2Pd and Ti-0.5Pt alloys was significantly (p<0.01) smaller than the pure Ti as shown in Fig. 6 and, therefore, they had a high corrosion resistance compared with pure Ti. Comparing the results under more corrosive conditions (pH 3.4), it can be seen that the Ti-0.5Pt alloy had a higher corrosion resistance than the Ti-0.2Pd alloy.
The corrosion resistance of titanium depends on the balance of a dissolution and a formation of a passive film. In the presence of fluoride, when the dissolved oxygen concentration is low, the reproduction of a passive film is delayed. It is suggested that the corrosion of titanium occurs because the balance shifts to the dissolution reaction of the passive film. The presence of Pt as well as Pd accelerated the catholic reaction, and consequently, it was suggested that the corrosion potential of the alloy shifted into the passive region of Ti10,11). The corrosion potential of the alloy was more noble than the critical potential for passivation of Ti. In these alloys, it was suggested that a reproduction of the passive film was promoted by the addition of Pd or Pt, and the high corrosion resistance was maintained under the low dissolvedoxygen concentration environment.
The Ti-0.2Pd and Ti-0.5Pt alloys are expected to be useful as new Ti alloys with high corrosion resistance in dental use.
CONCLUSIONS
This study examined the effects of various dissolved-oxygen concentrations and fluoride concentrations on the corrosion behaviors of commercial pure Ti, and the Ti-6Al-4V and Ti-6Al-7Nb alloys used presently in clinical dentistry and the experimentally
